
Pcals to Portland 

My Journey with LIGO



Previous Life

(2008-2012)



Grad School

UNIVERSITY OF OREGON



First two years

Graduate classes and mountains



How LIGO?
Summer 2014



LIGO Fellow 
Graduate Student 

(2014-2019)



At First
PEM WORK

Photon Calibrators



Install/Commission
LHO LLO

Getting Ready for O1!



LIGO India



GW150914



What do you do?
Work at LIGO and Calibrate the detector

Calibration Lines



How?
Photon calibrators “aka” Pcals

Cal Lines



Measuring laser power

Why not use the 
power meter?

NIST calibrated  
Integrating-sphere-based  

power sensor

5% for detection and 0.5% for accurate science 
~ 0.42% 1-sigma



Calibration Transfer



Optical Efficiency



Rotation

-



State of art in O1/O2

Chapter 6 78

B.3 O✏ine Correction

To convert the output of the front end model to displacement in meters the following

filters needs to be applied;

• Dewhitening: The signal needs to be dewhitened by multiplying it with two nor-

malized poles at 1 Hz. If using matlab, apply zpk([ ],[1 1],1).

• Inverse AA (Digital and Analog) Filter: The anti-aliasing filter applied during the

course of Data Acquisition needs to be removed as well.

Parameter
Rel. Uncer-
tainty(O2)

Rel. Uncer-
tainty(O3)

NIST -> GS [⇢GS ] 0.51% 0.41%

WS/GS [↵WG] 0.03% 0.03%

Rx/WS [↵0
RW ] 0.05% 0.05%

Optical e�ciency [ET ] 0.37% 0.08%

Angle of incidence [cos ✓] 0.07% 0.07%

Mass of test mass [M ] 0.005% 0.005%

Rotation [(~a ·~b)M/I] 0.40% 0.10%

Overall 0.75% 0.44%

Table B.1: Uncertainty estimate for the receiver module power sensor force coe�cient.
The NIST calibration and the optical e�ciency are the most significant contributors to

the uncertainty budget.





Test mass deformation
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Observation
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“Experiment is King”



Some Discrepancy
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FIGURE 5.15. Plot showing the deviations from the rigid body motion of the test
mass. Both Hanford (H1) and Livingston (L1) data shows feature between 4.5 kHz
and 5.5 kHz, where the measurement results deviate from the modeled result.

these features. One can avoid exciting these features by restricting the calibration

lines up to 4.5 kHz and extrapolating the calibration to 5 kHz.

5.6. Application to interferometer calibration

We have shown that the calibration forces excite the natural vibrational modes

of the test mass causing it to deviate from the rigid body motion, especially when the

measurement (excitation) frequency reaches the resonant frequency of these modes.

So when using calibration forces, these e↵ects need to be accounted for to achieve a

better calibration of the interferometer data.

During Advanced LIGO’s first and second observing runs, these deviations of the

interferometer response from rigid body motion were simply folded into the calibration
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S, Karki [2019], Dissertation 

Everything is not rosy



Further Improvements
In-vacuum optical 

efficiency measurements

Beam alignment using targets 
Continuous monitoring using Rx aperture



Expected in O3
Parameter

Relative
Uncertainty

(Expected O3)

NIST -> GS [⇢GS] 0.31 %

WS/GS [↵WG] 0.03 %

Rx/WS [↵0
RW ] 0.05 %

Optical e�ciency [ET ] 0.10 %

Angle of incidence [cos ✓] 0.07 %

Mass of test mass [M ] 0.005 %

Rotation [(~a ·~b)M/I] 0.10 %

Overall 0.35%

TABLE 6.1. Expected Pcal uncertainty for planned third LIGO observing run (O3).

the third LIGO observing run. If realized as expected, this would be an improvement

in excess of a factor of two (0.75% ! 0.35%) compared to the Advanced LIGO first

and second observing runs.

Reducing frequency-dependent systematic errors will require better understanding

of the interferometer to accurately model its response. One such improvement is

the implementation of the full response of the interferometer to length variations

instead of the single-pole approximation that is currently being used. Additionally,

compensation for the impact of analog electronics and digital systems used within

LIGO controls and data acquisition system should be carefully considered. Although

it is a straight forward measurements, the sheer number of these transfer functions,

as shown in the Calibration Subway Map in Appendix C, makes this task challenging.

Improvements in actuation and sensing function measurement uncertainty will
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Dissertation

(March 2019)



LSC Fellow 
PostDoc 

(2019-2022)



O3 Uncertainty Budget
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In the meantime
GW (Gravitational Wave) Metrology Workshop 

March 14, 15, 2019 

NIST, Boulder, Colorado, USA 

 

 

 

Justification and Purpose: The purpose of the Workshop is to bring together researchers and metrologists 

in scientific areas related to the observation of gravitational waves by interferometry. The primary interest 

of the metrology is laser-detector measurements and related optics. The goal of the workshop is twofold: 

(1) to improve the ability of gravitational wave observatories to identify events, and (2) to improve our 

ability to extract source parameters such as the distance from Earth from the gravitational wave signals. 

Benefit: The benefit of the GW Workshop is to share knowledge and experience among researchers and 

metrologists so that resources may be used efficiently and for maximum impact for gravitational wave 

science in the US and around the world. 

Registration is $115 to cover the price of food for breakfast, lunch and breaks. There is a link to lodging at 

the Registration site. Transportation from Denver International Airport to Boulder ranges from Bus, to 

shuttle, to rental car and car-hire services such as Uber (UberX is about $70). 

Workshop Contacts: 

John Lehman 

NIST Sources and Detectors Group 

(303) 497-3654 

lehman@boulder.nist.gov 

 

Rick Savage 

LIGO Hanford Observatory 

(509) 372-8130  

rsavage@caltech.edu 

 

Administrative Matters: 

Michelle Cordova 

NIST Applied Physics Division 

(303) 497 5353 

Cordova@boulder.nist.gov 

 

NIST : 0.42 % 
PTB: 0.1%



Pandemic

Source: Harvard Medical School Website



GW Network Calibration

S. Karki et. al. Galaxies, 2022

During O1, O2 and O3



Bilateral Comparison

S. Karki et. al. Galaxies, 2022

Bilateral Comparison

NIST’s new PARRoT primary detector

Figure 2: Upgraded Photon Calibrator power sensor at an end station at the LIGO Hanford
Observatory.

Figure 3: NIST’s new PARRoT primary detector.

3

0.42 % —> ~0.1% 

Photo Credit: NIST



Global Calibration effort

S. Karki et. al. Galaxies, 2022

Annual Routine



Virgo/LAPP Visit

Virgo is planning to completely redesigned their Pcals for O5. 



KAGRA Visit

- KAGRA Pcal is quite advanced with 20 W 
laser and ability to modulate two beams 
independently 

- Working on implementing robust procedure 
to transfer calibration from Transfer 
Standards.  



Challenges
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Redesigned photodiode mount 
Temperature sensor

LSB —> OSB



In the end
• To summarize, I feel lucky to have been part of and come along 

for the ride when,


• Pcal were realized as the primary calibration tool in LIGO.


• Pcals are on the way to becoming the main calibration tool 
across global network of GW detectors.


• Collaboration with NIST and PTB to make sure the science we 
do is not limited by the laser power calibration they perform.



Palouse Falls



Goat Lake



Eagle Cap Wilderness



THANK YOU ALL
For making my time here 


thoroughly enjoyable!

Won’t forget all those dinners, climbing trips, wine 
tasting, night outs, LVK meetings


